A simple route to carbon micro-and nanorod hybrid structures by physical vapour deposition
Introduction
One-dimensional carbon nanostructures (such as nanocones, nanotubes, nanoprisms and nanorods) have been widely studied as the next-generation cold cathodes candidates in field emission (FE) displays due to their unique electrical, chemical and mechanical properties [1] [2] [3] [4] [5] . The advantages of one-dimensional nanomaterials are their nanometer scale and high aspect ratio, so that they can be used as suitable field emitter or display device unit [6] . Carbon materials with high surface area have also been studied for hydrogen storage [7, 8] . A large number of carbon nanostructures have been obtained based on various techniques, including catalyst assisted solid-state growth process [9] , reactive plasma beam sputtering [10] , pulsed laser deposition (PLD) techniques [11, 12] , electron beam induced deposition [6, 13] , chemical vapor deposition [14, 15] , catalytic copyrolysis process [16] and benzene-thermal-reduction-catalysis route [17] , etc..
Recently, one-dimensional tilted nanorods are attracting noticeable research interest due to their inherent anisotropic nature with the tilted geometry. Ye et al prepared tilted Si nanorod arrays using a two-phase substrate rotation method with the oblique angle deposition technique, which could produce nanorods with a controllable tilt angle [18] . We have synthesized one-dimensional carbon tilted nanorods by using the catalyst assisted oblique angle PLD technique [19] . However, these methods are limited by the complicated fabrication process. So far, there is little information available for the synthesis of one dimensional tilted carbon microrods and nanorods.
In this work, we address a simple approach for synthesizing well aligned one-dimensional micro-and nanorods hybrid carbon structure by hot filament physical vapor deposition (HFCVD) technique. The growth process we describe here has two remarkable features: firstly, this method can produce uniformly tilted carbon micro-and nanorods with a controllable tilt angle; secondly, the experimental setup is simple and cost effective which satisfies the requirements of commercial applications.
Experimental setup
One-dimensional slanted carbon micro-and nanorods were synthesized on Si substrates using a simple HFCVD technique under different temperatures and incident angles. The easily-get graphite stick (0.7mm diameter, 15mm length) was used as a precursor to provide carbon source and filament, to replace the tungsten filament in our HFCVD system described elsewhere in our previous publications [20] [21] [22] . No catalyst or other carbon-containing compound precursor was used. Prior to the experiments, the substrates were ultrasonically washed in the methanol solution for 5mins, and dried with nitrogen. After placing the substrate, the chamber was pumped down to 2.67×10 −3 Pa, then fed with Ar gas to ambient pressure and then pumped down to 2.67×10 −3 Pa. Repeated this process 3 times to keep oxygen out and obtain a good vacuum. A dc power supply HY3020E with an electric current of 18A was used to heat the filament to a temperature of up to 2000 • C to promote gas phase activation. The substrates were placed on a holder under the hot filament. No extra heater was used to heat the substrate holder. The temperature of the substrate was controlled by simply changing the distance between the substrate and the hot filament. The position of substrate on the holder can be changed to get different incident angle. The deposition duration was 30mins for all the samples. The morphologic surface, chemical composition and bond structure of obtained samples were investigated by scanning electron microscopy (SEM) at 20KV, field emission scanning electron microscopy (FESEM) at 15KV, transmission electron diffraction (TED) at 15KV, and Raman scattering spectroscopy, respectively.
The FE measurements were carried out in a vacuum chamber at a pressure of ∼4.0×10 −5 Pa at room temperature. A molybdenum rod of 3mm diameter (area: 0.071cm 2 ) serves as the anode. The macroscopic surface electric field (E S ) on the sample (i.e. cathode) is estimated by E S = V/d CA , where V is the voltage applied to the anode and d CA (100 ± 2μm) is the distance between the anode and the cathode. The current was detected using a KEITHLEY 6517A electrometer. The power supply was a Stanford Research Systems PS350. A detailed description of the FE measurement techniques can be found in our previous papers [20, 23] and diameter 0.6-0.7μm for their beginning part, and gradually increasing to 1.0-1.5μm for the end part, which consist of several plume-like structures. Raising substrate temperature to 900 and 1000 • C, similar structures but with larger size were obtained. The rod length was 34.0-36.5μm and 44.0-47.0μm, the beginning part diameter was 0.65-0.75μm and 0.7-1.0μm, then the diameter gradually increased to 2.0-3.5μm and 3.0-4.5μm, respectively. Schematic growth mechanisms illustrated in Fig. 2 were proposed to explain the different growth modes for tail-like carbon microrods prepared by HFPVD technique. Fig. 2 (a) is the sketch of the carbon stick filament connected to the copper electrodes, d v and d h is the vertical and horizontal distance between the filament and substrate, respectively, α is the carbon source incident angle to the normal of substrate. The detailed parameters and data of fabricated samples are shown in table 1. Fig. 2 (b) demonstrates the growth process of the tail-like micro-and nano-hybrid carbon rods. α' is the real angle of the rod to the normal. Van der Drift model can be used to interpret the case of carbon rods as shown in Fig. 2(b) . Random orientation nuclei were developed on the substrate at the initial stage of deposition ( Fig.  2(b1) ) yields a geometric shadow region [24, 25] where the subsequent incident flux cannot reach. Consequently, the oblique incident plasma flux is preferentially deposited on to the top of surface features, thus nanorods are formed (Fig. 2(b2) ). With continued deposition, parts of rod grow up continuously to micro size, but others (shadow area) do not change, as shown in Fig. 2(b3) . Shown in (a) (b) (c) Fig. 2(b4) is the final stage of deposition process that the tail-like microrods are developed. The sample surface has larger density than interior due to the larger size of the upper part than that of the beginning part, and the carbon rod-like structure has high surface area due to the coarse surface, which is good for hydrogen storage application. In order to study the effect of incident angle of carbon source on sample structure, another four samples (d, e, f, g) were fabricated on Si at substrate temperature of 600
Results and discussions
• C with different incident angles, as shown in Fig. 3 (a) , (b), (c), (d), respectively. The insets are FESEM images of their cross sections. Detailed parameters are summarized in table 1. Large-area uniformed tail-like microrods, which have an average length of 6.9-11.1μm and diameters 0.3-0.6μm and 0.6-1.2μm for the beginning part and the end part, hybridized with some 130-150nm length, 25-35nm diameter nanorods ( Fig. 3 (c2) ) were found in the four samples. The density of the microrod numbers decreases with increasing incident angle with respect to the normal. Fig. 3 (c1) shows the magnified SEM image of the selected area in sample f (Fig. 3 (c) ) where the micro-and nanorods hybrid structure is clearly visible. Fig. 3 (c2) shows a shadow area with slant carbon nanorods structure. Fig.3 (e) and (f) show the lower magnification FESEM images of sample e and f, respectively, which confirms the large-area uniform rod-like structure. It is inferred that well aligned carbon nanorods might be synthesized by controlling deposition duration and introducing inert gas to slow down the deposition rate. Fig . 4 shows the TED bright field (BF) images of single rods from the samples a and f, respectively. An end part of the tail-like micro-rod from the sample a with 5.9μm length, 1.1μm diameter is exhibited in Fig. 4 (a) . Shown in Fig. 4 (b) is a plume-like structure of the rod from sample f with average diameter of 160nm and length of 1.4μm, which makes up the tail-like rod. Fig.  4 (c) is part of a tail-like rod from sample f with a length of 3.4μm and diameter of 0.4-0.6μm, the inset is its enlarged image of the marked area. Raman scattering spectra of the carbon structures were also obtained at room temperature by using a high resolution Jobin-Yvon T-64000 Triple-mate instrument with an excitation wavelength of 514.5nm (Ar+ ion laser). A liquid nitrogen cooled charge-coupled device system was used to collect and process the scattered data. It is also noted that the Raman signal ratio I D /I G increases from 1.06 to 1.45 following the substrate temperature from 800 to 1000
• C. The electrical properties of the samples a, b, c were investigated using a FE measurement system. Fig. 6 shows the field emission currents from the samples. The current density-electric field curve was obtained by recording each data point for 8 times with 250ms apart in order to reduce errors. In this work, electric current lower than 1×10 −10 A was considered as the background noise level. The turn-on field (E t ) is defined as the electric field necessary to emit 1nA current. The E t of this three samples was 9.1 V/μm (sample a), 5.8 V/μm (sample b) and 0.4 V/μm (sample c). It should be mentioned that because of the effect of the Si substrate and the SiO 2 on its surface, the actual E t value should be lower than what we measured. We repeated the FE measurement several times and the results showed a good consistency. The tail-like carbon rods deposited at 1000
• C has higher current density and lower turn-on field than others. These results clearly indicate that the FE characteristics of the samples are obviously improved under higher substrate temperature during the deposition process. According to the Fowler-Nordheim (FN) theory, the field emission current density J (emission current I /emission area A) can be expressed as a function of the work function of the emission tip Φ, the applied electric fields E and the field enhancement factor β [6, 27, 28 , respectively. The inset of Fig. 6 shows FN plots of the samples a, b, c . The fitted linear lines in the high voltage region indicate that electron emission follows the tunnelling mechanism, and from the slope of the fitted lines, the tail-like carbon micro-and nanorods hybrid structure at 1000
• C exhibits a higher value of field enhancement factor (β) than the other two samples shown in figure 6 [29] . It can also be found that the FE characteristics of the carbon samples were enhanced together with the increase in the Raman signal ratio I D /I G from 1.06 to 1.45 shown in figure 6 .
Conclusion
In summary, we have demonstrated a simple route for synthesizing well aligned carbon microand nano-hybrid rod-like structures by using hot filament physical vapor deposition technique. The SEM images exhibit that micro-sized rods with different diameters are obtained for different substrate temperatures. The oblique angle and the density of the fabricated carbon rods are influenced by the carbon source incident angle. The carbon nanorods with diameter of 25-35nm are also obtained at the shadow areas. The turn-on field E t of samples a, b, c is 9.1 V/μm, 5.8 V/μm and 0.4 V/μm. The field enhancement factor β increases following the increasing of substrate temperature from 800 to 1000
• C which is in accord with the Raman signal ratio I D /I G .
